The development of simple, cost-effective and sustainable methods to transform CO2 into feedstock chemicals is essential to reduce the dependence on fossil fuels of the chemical industry. Here, we report the selective and efficient catalytic hydrogenation of CO2 to formic acid (FA) using a synergistic combination of an ionic liquid (IL) with basic anions and relatively simple catalysts derived from the precursor [Ru3(CO)12]. Very high values of TON (17000) and TOF have been observed and FA solutions with concentrations of up to 1.2 M have been produced. In this system, the imidazolium based IL associated with the acetate anion acts as precursor for the formation of the catalytically active Ru-H species, catalyst stabilizer and as an acid buffer, shifting the equilibrium towards free formic acid. Moreover, the IL acts as an entropic driver (via augmentation of the number of microstates), lowering the entropic contribution imposed by the IL surrounding the catalytically active sites. The favorable thermodynamic conditions enable the reaction to proceed efficiently at low pressure pressures, and furthermore the immobilization of the IL onto a solid support facilitates the separation of FA at the end of the reaction.
Introduction
Formic acid (FA) is a primary product of the chemical industry with a production capacity of 600,000 tons per year and a projected annual increase of 22%. 1 Most commonly formic acid is synthesized by MeOH carbonylation, yielding a formate ester which is then hydrolyzed with an excess of water. 2 The transformation of CO2 to FA in one step using H2 from renewable sources represents a more sustainable alternative to the current synthesis, being less resource intensive, using an abundant resource (CO2) and by avoiding the generation of intermediates and the need for tedious purifications. Furthermore, the direct synthesis of formic acid from CO2 potentially represents a vector for hydrogen storage. [3] [4] [5] Unfortunately, this transformation is hugely challenging due to the inherent kinetic and thermodynamic stability of CO2. [6] [7] One strategy which has been used frequently to overcome thermodynamic limitations is the use of suitable bases. 8 Under these conditions, a plethora of catalysts based on N-heterocyclic-carbenes [9] [10] , half-sandwich compounds 3, [11] [12] , pincer ligands [13] [14] [15] [16] and phosphines 8, [17] [18] [19] [20] , combined with noble metals such as Ir, Ru and Rh have been described and reported, in some cases, to display very high TON and TOF values. 13 A key consideration in these systems is the synthesis of stable formate adducts or salts, requiring tedious purifications to separate the formic acid. 6, [21] [22] [23] An ideal scenario would involve the direct formation of formic acid in base free systems or systems with weak bases, where the FA could be readily recovered. Due to the above mentioned limitations, such systems are rather scarce (see SI Table S1 for a summary of results and values of TON and TOF). 24, 26 Formate buffers have been introduced to stabilize the catalyst in the acidic aqueous media, thus increasing the achievable concentration of formic acid with moderate success (up to a final concentration of 0.11M). 27 Alternatively, the employment of DMSO/water mixtures yielded high formic acid concentrations, although the catalytic activity was relatively low. 28 In 2016, Leitner and co-workers reported a Ru(triphos)-catalyst which achieved high TON and TOF in the presence of sodium acetate (NaOAc). 29 Ionic liquids (ILs) are very interesting media for the transformation of carbon dioxide, due to its high solubility in solutions of IL and aqueous or organic solvents with significant aqueous content. 30a This is particularly important in those ILs based on imidazolium cations which are associated with basic anions such as acetate, due to the formation of bicarbonate and the acid buffering properties of these solutions. 30b Figure 1 . Multiple roles performed by ILs in the selective and efficient hydrogenation of CO2 to formic acid (FA). Basic ILs are shown to: 1. stabilize the catalyst; 2. facilitate formation of bicarbonate in the presence of water; 3. buffer the reaction media and; 4. facilitate the isolation of FA from the reaction upon immobilization of the IL followed by simple filtration.
ILs with basic anions, such as 1,3-Propyl-2-methylimidazolium formate (PPMI.O2CH), enhance the yield of the reaction by thermodynamically favoring product formation. 31 Indeed, in this system, a change in enthalpy of -20 kJ mol -1 was observed, being higher than in conventional organic solvents and water, but lower than that when formate adducts are formed. Consequently, a scaledup process would have to overcome a lower energy barrier, e.g. reactive distillation is not necessary to form formic acid from formate adducts during product isolation. 31 Furthermore, high activity (TOF = 300 h -1 ) in presence of 3-propyl-1,2-dimidazolium formate (PMMI.O2CH) has been reported, although the extraction efficiency of FA from the IL into the apolar scCO2 phase reached only 10% after >60 h. 32 Here, we present a remarkably active and selective catalytic system, where basic ILs perform multiple roles in the direct hydrogenation of CO2 to formic acid using a Ru-catalyst (Figure 1) . The ILs play a key role in the stabilization of the catalyst, assist the transformation of CO2 into bicarbonate and buffers the system, shifting the equilibrium towards production of formic acid.
Results and Discussion
Hydrogenation of CO2 to formic acid
Firstly, the role of a series of ILs were explored under reaction conditions usually employed for the hydrogenation of CO2 to formic acid using ruthenium based catalyst precursors ( Table S1 shows a comparison with the best reported values in the literature. The specific interaction of BMMI.OAc with the reaction media was demonstrated by exploring the same reaction using a series of ILs with different properties. In the first instance, no FA (or any other product) formation was observed without an IL (table 1, entry 1). This reveals that the IL has a vital role in the hydrogenation of CO2 to FA based on its buffering properties and stabilization of weak carbonic acid species. The formation of FA is favorable under basic reaction conditions and therefore different basic ILs (BMMI.Cl and BMMI.Im) were also investigated ( Table 1 , entries 2 and 3). Surprisingly, no FA was observed when employing BMMI.Cl, which may be related to the IL poisoning the catalysts during CO2 hydrogenation reactions. 26 Despite the theoretical buffering and basic properties of BMMI.Im, no catalytic activity was observed (Table  1 , entry 3), possibly due to the ability of the imidazolate anion to bind to the catalytically active species, forming carbenes, thus competing with the CO2 hydrogenation reaction. This would also be the case for other basic counteranions such as triazolate and therefore more detailed studies with other highly basic and possibly strongly coordinating ILs were dismissed. When BMMI.O2CH was employed, relatively low activity for FA formation (TON = 55) was observed, as compared to BMMI.OAc (Table 1 , entries 4, 11 and 12) . This effect may be due to the lower pKa of the formate counter anion as compared to the acetate anion. The higher pH resulting from this buffering process prevents the protonation of Ru-H active species, thus keeping it in active state. 27, 29, 33 Furthermore, (N)Bu4.OAc IL and NaOAc showed lower activities than BMMI.OAc, with TONs of 157 and 35.6, respectively (Table 1 , entries 13-15,) after 4 h. An important feature of the ILs ability to stabilize the formation of formic acid is a broad solvent compatibility. Indeed, various organic solvents in combination with BMMI.OAc were employed for the hydrogenation of CO2 to formic acid. The hydrogenation was found to occur in a range of solvents (see table 2) where a range of different product concentrations were observed, indicating that the solvent still plays a role in the reaction outcome. The highest concentration was obtained with DMSO in combination with 5 v/v% H2O, in agreement with previous reports.
28 , 29 Higher concentrations of water lead to decreased catalytic activity probably, due to the dissociation of the DMSO/H2O clusters (see SI, Table S2 ). 29 In methyl-tert-butylether, 2-methyltetrahydrofuran and 1,4-Dioxane, a phase separation can be observed after the reaction is completed, where the IL, catalyst and FA are all dissolved in the same phase and the solvent has separated ( Table 2 , entry 4-6). This might be explained by the poor solubility of water and IL in these solvents. 
Role of IL in the reaction mechanism and in stabilising the active catalytic species
The good results observed in terms of catalytic activity and selectivity under remarkably mild conditions encouraged us to investigate the reaction mechanism to understand the roles played by the ionic liquid. It has been previously shown that organic carbonates are readily hydrogenated to yield the corresponding formate esters. 34 Based on prior work 30 we hypothesized a bicyclic catalytic mechanism. In the first cycle, the IL catalyzes the formation of HCO3 -via "activated water" which is coordinated to BMMI.OAc in a similar way to that previously reported. 30 Indeed a signal of HCO3 -at 158 ppm was observed in the 13 C NMR, measured at relevant reaction conditions, of a mixture of IL, DMSO/H2O and [Ru3(CO)12] (see Figure 2d ). The carbonate formed in-situ then enters the second cycle, where it is hydrogenated by the Ru-hydride species to yield a formate complex, along with an associated elimination of water (Figure 2a) . The signal assignable to catalystbound formic acid can be found at 166 ppm. Furthermore, a peak at 122 ppm assignable to CO2 was observed (Figure 2d ), confirming the proposed mechanism. A signal at 220 ppm corresponding to Ru-CO (see Figure S2 ), together with ESI-MS data (Figure 2e) , indicate that the Ru cluster core is not transformed into monometallic species or Ru nanoparticles.
The amount of H2O in the solvent was found to play a significant role (Table S2 ). An increasing amount of water seems to have a positive effect on the activity up to a 5% in volume. Afterwards, presumably the stabilization of the formic acid formed worsens due to the ineffective clustering of the buffer. The dissociation of H2O was not involved in the rate-determining step, as opposed to previously reported mechanisms. 25, 26 This was determined by replacing H2O with D2O, leading to a secondary kinetic effect and a reduction in activity, i.e. the TOF decreased to 87 h -1 in the presence of D2O versus 118 h -1 in the presence of H2O (see SI Table S3 for more detail). One explanation for the secondary kinetic isotopic effect might be described by the formation of the carbonate prior to the rate determining step, thus giving further insight into the catalytic mechanism. In this case, the rate determining step was found to be the regeneration of the active hydride species via abstraction of FA from the catalytic cycle with hydrogen. A TOF of 120 h -1 can be observed at a ratio of 2:1 (H2/CO2), which decreases almost in a linear fashion to 60 h -1 when the ratio of H2 to CO2 was lowered (Figure 2b ). The hydrogenation step has been described previously as being rate determining with other Ru-catalysts. 25 An increase of the partial pressure of H2 above a ratio of 2:1 compared to that of CO2 showed no further increase in the reaction rate. This might be explained by the saturation of the liquid phase with H2 in this regime, thus the limiting the effective concentration of H2 available for the reaction. 35 Formic acid can split from the metal center by either forming a bridged or terminal hydride. If a terminal hydride is formed this hydride would undergo isomerization to a bridged hydride regenerating the active species. In this regard, it is worth mentioning that bridged hydrides have been described as thermodynamically more stable. 36 Furthermore, trinuclear Ru-carbonyl-complexes with bridged acid ligands, similar to the proposed complex here have been described previously, thus being a more plausible mechanism. The IL is not only involved in the transformation of CO2 to HCOOH but also assists the formation of the active species. Indeed, the active species are only observed in the presence of IL and H2, indicating a co-operative mechanism involving the IL, water and hydrogen. The formation of the same hydride species were observed in the reaction mixture and in the in-situ high pressure 1 H NMR. The hydrides at -12.48 ppm and -19.48 ppm correspond to a terminal and to a bridging hydride respectively 38 (See Figure 2c and SI, Figure S1 ) akin to those already observed for dialkylimidazolium ILs with other anions. [39] [40] Interestingly, a singlet at 8.48 ppm, corresponding to FA, can be detected even in the absence of CO2, suggesting hydration of one CO-ligand, we suggest that the transformation of CO to HCOO takes place due to the interplay of [Ru3(CO)12] with BMMI.OAc and H2. In the 13 C NMR, the HCOO ligand from [Ru3(CO)11(H)(HCOO)] was confirmed by observation of a peak at 164 ppm (see SI, Figure S2 ), analogous to that observed in Figure 2d . In addition, ESI-MS analysis revealed a peak at 659 m/z, corroborating the presence of [Ru3(CO)11(H)(HCOO)] (see Figure 2e) . No interaction between the BMMI.OAc IL and [Ru3(CO)12] catalyst was observed by 13 C NMR spectroscopy. Moreover, when the catalyst was exposed to hydrogen in the absence of IL, the formate peak was not observed and the hydride peak previously observed at -19.48 ppm shifted to -17.16 ppm, indicating that a different hydride complex is formed in the absence of IL. Surprisingly, in the presence of solely IL (i.e. without hydrogen and carbon dioxide), a hydride peak with low intensity at -19.48 ppm was observed, which suggests that the Rucluster may be protonated by residual H2O. Furthermore, no carbene signal 39 was observed by 13 C NMR in any experiment conducted in BMMI.OAc, indicating that there is no interaction between the IL and the Ru-cluster, via direct bond formation. The activation barrier for the rate determining step was determined to be 58 kJ mol -1 ± 4 kJ mol -1 , which is relatively small, given that no electro-donating and/or multidentate ligands have been employed. 14-16, 28b The range of temperature (50-70 °C) was chosen to avoid catalyst decomposition 41 and side reactions such as the reverse-Water-Gas-Shift reaction at increased temperatures (See SI, Table S4 and Figure 3 ).
39, 42

Effect of buffering on FA stabilization
The IL plays an active role in the formation and stabilization of the catalytic active species, and also in the stabilization of the FA via a buffering effect. A linear relationship was found on the double logarithmic scale between the amount of IL present and that of formic acid (Figure 4 ). This behavior can be explained by the HendersonHasselbalch equation typically employed to describe buffering systems. It can be assumed that the IL prevents the deactivation of the catalyst via protonation by stabilizing the pH at a level that preserves the catalyst in an active state. Another insight that suggests a buffering effect is that a higher acid to buffer ratio can be achieved at low concentrations of buffer (see SI, Figure S3 and Figure S4) Figure S3 ). Further evidence for the buffering effect is found in the Van't Hoff plot, representing the equilibrium constant at different temperatures (See SI, Table S5 and Figure S5) . Values of DH = -13.26 ± 0.65 kJ mol -1 and DS = -17.4 ± 1.8 J K -1 mol -1 were observed. The relatively low values of DH suggest that no significant proton abstraction, i.e. formate synthesis, is occurring because in the presence of bases, the change in enthalpy can be expected to be in the range of -30 kJ mol -1 to -84 kJ mol -1 . 7 Furthermore, the observed enthalpy change falls in-between that of pure DMSO:water and pure IL, indicating a weak interaction between the IL and the FA, presumably through hydrogen bonding. 29, 31 Also, the relatively low entropic contribution to the reaction (-17.4 ± 1.8 J K -1 mol -1
) makes FA the favorable product. The low entropic contribution might be explained by the organization of IL-clusters formed in DMSO, which may form IL-FA adducts due to the augmentation of microstates (entropic driver) imposed by the IL surrounding the catalytically active sites. 43 The linear behavior of the van't Hoff plot manifests itself in the exponential decay of the FA concentration observed upon increasing the reaction temperature (Figure 4b ). For instance, a final concentration of FA of 0.6M can be achieved at 100°C. The concentration increases exponentially when the temperature is successively decreased, reaching 1.1M at 60°C. However, when the temperature is further reduced to 50°C the concentration does not increase, indicating an over-acidification leading to a kinetic deactivation of the catalyst prior to reaching the thermodynamic equilibrium as observed at high pressures (Figure 4b ). The reaction rate was found to be dependent on the total pressure. An increased reaction rate can be observed at increased pressure, which can be explained by the increased concentration of the reagents in the liquid phase (according to Henry's law) and the decreased viscosity of the liquid phase at higher concentrations of dissolved gas (See SI, Figure S6 ). 44 Furthermore, the increased concentration of CO2 in the liquid phase might enhance the solubility of H2, as H2 is highly soluble in CO2 which in turn is soluble in the ILs. [45] [46] [47] The final concentration obtained at low pressures was found to have a linear relationship with the pressure, in agreement with Henry's law. The favorable thermodynamic parameters in the presence of the IL make the reaction viable at low pressures, where high concentrations of FA (0.47 M) could be observed at low total pressures (6 bar, pH2 = pCO2 = 3 bar). At low pressures, a linear correlation between pressure and concentration of FA was observed, in agreement with Henry's law ( Figure 5 ). This was not the case at higher pressures (>40 bar), potentially due to the catalyst deactivation due to over-acidification of the reaction media or to the saturation of the liquid phase. This is a remarkable result from a processing perspective, since gas compression is the second highest cost after the generation of hydrogen. 48 This suggests that the IL system developed here has extraordinary potential for developing new cost-effective routes towards CO2 valorization. A critical aspect for the development of viable industrial or commercial processes is the separation of the FA from the IL at the end of the reaction. Our results indicate that the buffering nature of the interaction between FA and the IL, where no formate salts have been formed, should facilitate separation at the end of the synthesis. Nevertheless, it is challenging to separate the liquid FA in a nonenergy intensive fashion. Distillation might lead to unwanted dehydration or dehydrogenation reactions 5 and stripping with a carrier solvent, like scCO2, has been shown to have limited efficiency. 31 On the other hand, grafting imidazolium derivatives to commercially available Merrifield resins is a simple strategy to immobilize this type of IL, 49 leading to solid-supported catalysts with analogous properties to homogeneous ILs. [50] [51] [52] A similar strategy was employed here, by supporting 1,2-dimethylimidazole onto a microporous Merrifield resin (2 mmol Cl/g, 1% cross-linking) followed by anion exchange to the acetate salt according to literature procedures (see SI for more detail). 53 The supported IL was then employed in place of BMMI.OAc under similar conditions to those previously described. At the end of the reaction the suspension was filtered and characterized by 1 H NMR. The polymer was re-utilised in subsequent reaction cycles. Under optimized conditions (pH2 = pCO2 = 30 bar, T = 60°C, 0.5 g of polymer, 2 mmol IL-equivalent, 10 mL solvent) a 0.3 M solution of FA (in DMSO/water) was collected by simple filtration, resulting in a FA solution (as shown in Figure 6a ) as opposed to the control experiment (Figure 6b ), where the employment of a homogeneous ionic liquid lead to a FA-IL mixture. Notably, only traces of FA could be isolated when the reaction was carried out in THF, possibly due to the lower polarity of the solvent leading to a competitive adsorption of the FA on the immobilized IL. This clearly indicates that the reaction is forming formic acid instead of formate adducts with the IL because in the case of formate adduct formation, separation of the formic acid from the IL would be highly unfavorable. Even though the catalyst was only physically adsorbed onto the polymer, the system maintained its activity for five consecutive cycles (see SI, Table S6 ). Following this, a reduction in activity was observed which was attributed to catalyst leaching. The extent of this was confirmed by ICP-OES analysis of the filtrate which showed significant amounts of ruthenium (Table S6 ). In addition, the filtrate (FA in the absence of IL) was stable against decomposition. At 60 °C no FA decomposition was observed, even after addition of fresh catalyst (0.016 mmol). Conversely, the FA decomposition proceeds in the presence of IL at 60 °C, thus indicating that the IL does not only play a role in the formation of formic acid but also in its decomposition (Table S7) .
Conclusions
Basic IL are advantageous for the effective hydrogenation of CO2 under base-free conditions. In this context, the IL plays multiple roles. First, it enhances the catalytic activity of the cheap, simple and readily available [Ru3(CO)12] catalyst by forming intermediate carbonate species which is readily reduced to formic acid. High pressure NMR studies confirmed this and the reaction of CO2 with water containing ILs to form bicarbonate. Furthermore, the IL shifts the equilibrium by acting as a buffer for the acid, thus preventing catalyst deactivation via protonation. A profound thermodynamic influence has been observed, where the ionic liquid act as an enthalpic and entropic driver, by structuring the surrounding of the catalyst, thus lowering its contribution and thermodynamically favoring the process. The finely tuned interaction between the formic acid and the ionic liquid enables the transformation at low pressure and with a broad range of solvents. Besides, it facilitates the separation at the end of the synthesis. A covalently immobilized ionic liquid was found to be as effective as its homogeneous ILs and separation was achieved by simple filtration. Indeed, this represents a major advantage over systems utilizing bases, because reactive distillations could be avoided in future process schemes and thereby enhance the economic viability of sustainable CO2 valorization.
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